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The Nature of the Lubrication Proc 


HE development of lubrication theory 

and practice is a fascinating record of the 

inquiring nature of the modern scientist. 
But for this development, it is doubtful that 
machine design could have progressed as it has, 
for this progress required continual increase in 
operating speeds and loads both of which very 
definitely influence the 
cation can be maintained. 

Obviously, machine design and research into 
bearing performance required a study of metal 
structure. The sleeve-tvpe bearing is an alloy 
ranging from the conventional babbitt) com- 
bination of copper, tin and antimony, the 
more recently perfected) cadmium-silver and 
copper-lead metals. All used to be available 
in almost unlimited quantities: today, however, 
national defense requires proration. Tin may 
hecome even more restricted, 

Bearing protection, therefore, is as much of a 
patriotic duty as metal conservation. The 
burden must be borne by lubrication, hence 
our interest in the nature of the lubrication 
The importance of adequate lubrica- 
tion results from the fact that machine parts 
rubbing against one another without adequate 
lubrication develop so much friction that ex- 
ccssive force is required to move the machine 
and little is left over to do the work for which 
the machine is intended, also an inadequately 
lubricated machine wears out rapidly. 

Historians tell us that the need for lubrica- 
tion was recognized several thousand years ago 
and they report references to the use of ani- 
mal, vegetable and mineral oils 
written records. They report, 
mechanized armies of about 1400 B. ¢ 
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very highly of beef and mutton tallow for the 
lubrication of their chariot wheels. 

The Roman naturalist, Pliny (27-79 A.D.) is 
reported to have made a list of oils which sug- 
that he recognized the desirability of 
using heavy oils under some circumstances and 
light oils under others. 

From Pliny to the beginning of the machine 
age involved a span of some eighteen hundred 
vears—but lubrication theory and practice 
apparently took it almost in a jump. Of 
course, there were some experiments and a few 
things were learned, but on the whole, lubrica- 
tion in the early machine was about as 
crude as in the chariot age. During this period, 
tallow, olive oil, lard oil, castor oil, whale oil, 
mineral oils and many others were used in 
various ways and for various purposes; the 
selection being based largely on the trial and 
error principle. Finally, a Russian—N. Petroff 
by name—found that petroleum oils of appro- 
priate viscosity! could be substituted for the 
other oils then in common use. Petroff found 
also that the friction of a bearing was dependent 
on the viscosity of the lubricant. 

During this same year Beauchamp Tower, 
reported to the Institution of Mechanical 
Engineers’, the results of friction experiments 
made on bearings similar to those used in 
railway cars. The effect on friction of the 
method of supplying oil was of particular in- 
terest in these experiments; therefore, a large 
number of different arrangements for oil supply 
was tried. One method, that of immersing the 
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'Viscosity, as will be shown in detail later, is the resistance offered 
by a fluid to change of shape or relative motion of its parts. It is what 
molasses has a great deal of in January. 

First Report on Friction Experiments 
of Mechanical Engineers, INS3. 


Journal of the Institution 








lower part of the shaft in a bath of oil, was 
found to produce friction many times lower 
than with the other methods then in common 
use for the lubrication of machinery. 

Toward the end of the experiments with bath 
lubrication, Mr. Tower made a further im- 
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(Proceedings Inst. 34 E. 1883) 


Fig. 1—The Original Tower Testing Machine. 


portant discovery. A hole had been drilled 
through the center of the bearing at the top to 
accommodate a lubricator in some future ex- 
periments and when the machine was started, 
still using bath lubrication, oil began to flow 
out of this hole. The machine was stopped and 
a wooden plug driven into 
the hole, but when the 
machine was re-started the 
plug was forced out of the — | 
hole and again oil flowed =: / > 
out. : a 
This appears to have been | / 
a critical moment in regard 
to our knowledge of how a 
lubricant functions:ifTower = °/- 7} 
had successfully plugged 
this hole our understanding 
of lubrication probably 
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In subsequent experiments! — employing 
bath lubrication, Tower drilled several holes in 
the bearing. On applying pressure gages of 
suitable measuring capacity to them, he found 
that the pressure at each hole was different, 
being zero at the edges of the bearing and 
greatest at the center. The pressure 
observed at the center hole was 
found to be greater than the unit 
load on the bearing, 625 Ibs. per 
square inch in one case when the 
unit bearing load was only 330 Ibs. 
per square inch and the pressure in- 
creased or decreased when the load 
on the bearing was increased or de- 
creased. The resultant of the sum 
of the pressures, measured at- the 
various holes over the bearing sur- 
face, was found to equal the load on 
the bearing. 

Figures 1 and 2 are reproductions 
of illustrations from ‘Power's reports 
to the Institution of Mechanical 
Engineers. Figure 1 accompanied 
his first report and showed the test 
apparatus that he used. Figure 2 
accompanied the second report: and 
shows how the holes for the pressure 
measurements were located — and 
gives some of the pressures observed, 

Osborne Reynolds? was greatly interested in 
‘Tower's experiments and in 1886° he published 
a paper based thereon. In this paper Reynolds 
undertook a theoretical study of the manner 
in which oil could flow in a space between a 
_ FRICTION EXPERIMENTS 
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for many years, but his 
first attempt to plug the 
hole failed and he then 
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Fig.l. Longuudinal Secon of Brass 
( Proceedings Inst ME. 1884.) 
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screwed a pressure gage in- 


to the hole and restarted Fig. 2—Data recorded in Tower's friction experiments. 


the test. Very shortly 

after restarting the test with the gage in place, 
the pressure was so great as to exceed the range 
of the gage which was capable of measuring 
pressures only to 200 Ibs. per square inch. This 
experiment gave the first evidence that pres- 
sure was created in the oil film of a bearing. 
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bearing and a shaft. As a result of this study 


Second Report on Friction Experiments—Journal of Institution o 
Mechanical Engineers, 1885. 

2The same Reynolds who is widely known for the Reynolds number 
which plays such an important part in hydro- and aero dynamics. 

8This paper entitled “On The Theory of Lubrication and [ts Applica 
tion to Mr. Beauchamp Tower's Experiments, Including an Exp ri 
mental Determination of the Viscosity of Olive Oil was oublished in 
the Philosophical Transactions of the Royal Society in’ ISS6. 
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he developed a deseription of the lubrication 
process in which the lubricant was considered to 
be drawn into a convergent passage between 
the bearing and the journal where, owing to its 
viscosity, the lubricant produces forces which 
account for the load carrying capacity and 


friction of the bearing. This 
deseription is” the accepted 
theory of how a bearmg fune- | 


between the successive ecards illustrates the 
transmission of VISCOUS resistance through a 
fluid: a force of this sort is commonly referred 
to as a shearing force. 

The deck of cards illustrates Newton's idea 
of the transmission of force from layer to layer 


FORCE CAUSING MOTION 
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tions and, according to it, vis- 
cosity is the essential charac- 
teristic of a lubricant that ae- 
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counts for its being a lubricant. 
VISCOSITY 


Viscosity is defined as the 
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internal frietional resistance 
offered by a fluid to change of 
shape or relative motion of its 
parts. “Phis 
cosity appears to have been 
recognized hy the great nat- 
uralist, Isaae Newton! at 1687. As in 
the case of the gravitational laws, also credited 


property of vis- 
[luster 


about 


to Newton, others had recognized previously 


the effects of viscosity. and realized that 


fluids exhibited resistance to motion, but 
Newton was the first to record a useful de- 
scription of Viscosity as a specific property 
of a lubricant. 

The nature of the forees involved in the 


action of viscosity are conveniently illustrated 
by an experiment with a deck of cards see 
Figure 3.) Lay a deck on the table. place a 
on the top of it and push sideways. 
Unless some of the cards are stickier than others 
the whole deck will be deformed uniformly as 
shown 


finger 


the bottom card remaining stationary 
and the top card moving with the finger. Each 











The deck of cards experiment. 


intermediate card presents some resistance to 
the push and each ecard slides a little ways. 
Clearly the resistance to motion of the top 
card was transmitted uniformly through the 
deck, the resistance between each pair of cards 


being equal. The transmission of the push 


ina Viscous fluid but differs in other important 
respects from what occurs in a viscous fluid. 
To account for these points of difference, let us 
consider two plane parallel surfaces with the 
space between them filled by a viscous liquid, 
the bottom surface fixed and the top one free 
to move as in Figure 4. 

Practically all viscous liquids suitable for 
use as lubricants “wet™ the surfaces that they 
contact. With reference to Figure 4 we may 
this “wetting” to mean that fluid 
particles in contact with the bottom surface 
will remain fixed to this surface and that fluid 
particles in contact with the top surface will 
remain fixed to it. With this idea in mind, if 
the free upper surface of Figure 4 is considered 
to have moved so that the point .f was moved 
to the position @, then the fluid particles at- 
tached at .f will have moved to the new posi- 
tion, @. but the particles at B will have re- 
mained at Band the intermediate fluid particles 
that initially lay along the line .1-B, will have 
been drawn by the viscous forces into the new 
position C-B, just as the deck of cards deformed. 

If two such surfaces are set up and arranged 
for an experiment so that the force required to 
move the top surface can be measured, some 
interesting things will be observed, viz. : 

1. Any force, no matter how small will cause 
the top surface to move relative to the 
bottom. That is, the fluid cannot support 
a shearing force except as the result of 
the viscous forces. Motion must exist to 


consider 


create those forces. 

2. If a one-pound force is required to main- 
tain a definite velocity of the upper sur- 
face, such as two inches per second, then 


Phe same Newton upon whose head an apple fell and who is known 
as the discoverer of the Law of Gravitation, 
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the force required to produce twice the 
velocity (four inches per second), will be 
found to be two pounds, and so on. That 
is, the force varies directly as the velocity. 
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3. If we maintain a constant velocity be- 

tween the surfaces, and alter the separa- 
tion of the surfaces h, then we will find 
that whenh is cut in half the force will be 
doubled, or if h is cut to one-quarter of its 
original value, the force will be increased 
by four times. That is, the force is in- 
versely proportional to the separation of 
the surfaces. 

This experiment illustrates the ideas in- 
volved in Newton’s definition of viscosity, but 
Newton, being a mathematician, wrote these 
ideas in the form of an equation 

> ; 
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Fig. 4 Universal Viscometer. 
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When the velocity is zero, the shearing stress 
is also zero, which agrees with the observation 
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that a fluid cannot withstand a shearing stress 
without motion. Further, if A is reduced by 
half, the value for the foree would be doubled, 
ete., so that the equation represents the ob- 
servations of the experiment. If the experi- 
ment were repeated with some other fluid 
between the surfaces Equation 1 would still 
represent the results, but the numerical value 
of the constant would be different than in the 
first case. This constant of the equation is the 
quantity that Newton defined Viscosity. 
Viscosity is generally designated by the symbol 
H& (the Greek letter mu), substituting this 
symbol for the constant of Equation 1 and 
solving for # we get 


as 


u 


Or: 


Viscosity 


{rea of haces 


Suppose, in an experiment with the two sur- 
faces of Figure 4, we had measured the as 
two pounds, the area of the ten 
square inches, the separation of the surfaces as 
0.001 inches and the velocity as ten inches per 
second. By substituting these values into 
Kquation 2, we find that the viscosity 


f ree 


surfaces as 


~s 


* ? 


1/) 2 I 
10 sq. in, . pe 


This unit of viscosity is called the Reyn in 
honor of Osborne Reynolds. © Another unit 
known as the Poise is generally used instead of 
the Revn. The Poise is defined exactly as the 
Reyn by Equation 2 but it is designated by 
the symbol Z, and measured in units. of 
centimeters, dynes, and instead of 
inches, pounds and seconds!. In this system of 
units the results of our experiment would have 
been force 890,000) dynes, area G4.52 
square centimeters, separation of the surfaces 
—().00254 centimeters. Substituting these 
values into Equation In which we now 
designate the viscosity by Z instead of #, the 
result is 


is 


seconds 


9) 


£.52 cm, 82 


sq. cm, 
Thus Z differs from # only by the units 
which the measurements are made and if 
divide Z by #, from our experiment we observe 
that 


In 
we 


Z uw 9 O00, 


So that we can convert from Z to # or from / to 
Z at any time by dividing or multiplying by 
69,000, which is simply the difference in the 
size of the two systems of units. 

In actual practice it is very difficult to carry 
out an experiment such as the one we have 
been considering, with plane parallel surfaces 
with sufficient precision for commercial vis- 
cosity measurements. For this reason a varicty 


!One inch equals 2.54 centimeters. One pound equals 445,000 dynes 
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of types of mechanical apparatus, all involving 
the same basic ideas as the plane parallel sur- 
faces of Figure 4, have been devised to carry 
out the measurements with greater precision 
or with greater convenience. In the United 
States the most commonly used apparatus for 
measurement of — viscosity the Saybolt 
Universal Viscometer shown schematically by 
Figure 5. In this apparatus there is a container 
for the fluid to be tested. The fluid is permitted 
to flow out of the reservoir through the small 
tube called the capillary outlet into the re- 
ceiving flask. The time required to fill the 
receiver Is measured. 

The fact that the time required to fill the 
receiver in this apparatus can be interpreted as 
viscosity depends on the details of what occurs 
in the capillary outlet. Figure 6 shows an en- 
larged drawing of the capillary. Referring to 
the sketch at the top of Figure 6, which shows 
a cylindrical clement of the fluid in the capil- 
lary, we see that the weight of the fluid in the 
container above the capillary exerts a push or 
pressure on the fluid in the capillary forcing it 
to flow out. Meanwhile the viscous shearing 
stresses developed by the motion of this flow 
tend to resist the flow with the result that a 
slow steady outflow of the fluid is established 
and fluid velocities and shearing stresses as 
indicated by the lower sketches of Figure 6 
prevaill, In this type of apparatus the weight 
of the fluid above the capillary corresponds to 
the foree required to push the top surfaces of 
Figure 4; the time for the 60 milliliter quantity 
of fluid to flow out of the tube and fill the 
receiver is the measure of velocity of flow. and 
the diameter of the capillary corresponds to 
the thickness of the film. Thus all of the 
elements required by Newton's equation to 
define viscosity are present. 

\s a matter of practical convenience in the 
operation of the Saybolt test the amount. of 
the fluid above the capillary is) maintained 
constant by filling the receiver to the overflow 
rm. The volume permitted to flow out. is 
maintained constant and the diameter of the 
capillary is of course fixed by the construction 
of the instrument. Therefore, it is necessary 
only to measure the time from when the cork 
is pulled to start the flow until the receiver is 
filled to the 60 milliliter mark on its neck; this 
time, measured in seconds, is referred to as the 
Saybolt Universal Viscosity (S.U.V.). 

The Saybolt Universal Viscosity is propor- 
tional to a quantity called the kinematic 
Viscosity, which. in turn, is equal to the vis- 
cositv in absolute units as defined by Newton 
(Equations 1 and 2) divided by the density of 


Is 


the ‘uid. This complication that the Saybolt 
Viscosity is proportional to the kinematic and 
not to the absolute viscosity, arises from the 


fact that in the Saybolt apparatus the weight 
of the fluid above the capillary is what causes 
the flow through the capillary, and some fluids 
weigh more than others; the density? being a 
measure of the weight. Figure 7 shows 
the relationship between Saybolt Universal 
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Fig. 6 Enlarged drawing o 


principles of capillary tlow 


Viscosity expressed in seconds, and absolute 
viscosity expressed in Poises and Reyns for 
oils of different density. 


'In the Saybolt apparatus there are several other factors involved in 
the interpretation of the time measurement in terms of viscosity. It is 
true that the viscous forces resist outflow of the fluid in the manner de- 
scribed above: however, the changing head of the fluid and the short 
length of the ca>illary lead to complications so that the final interpreta 
tion of the result as viscosity is dependent on calibration of the apparatus 
with fluids of accurately known viscosity as determined by other more 
fundamental methods of measurement. 

In centimeter-dyne-second units density is numerically equal to 
specific gravity and the latter data are most generally available so it 
is most commonly used instead of density. 
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When measurements of the viscosity of 
fluid are made at different temperatures, one 
quickly finds that the viscosity is very greatly 
dependent on temperature, becoming much less 
for a given fluid as the temperature increases. 
It is necessary, therefore, to specify the tem- 


(POISES ) 
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Fig. 7—The symbol p 
line applies for oils of specific 
specific gravity 0.9, and the lower for oils of specitic gravity 0 
wand Z are given in the customary units, pounds, seconds per 
square inch, and dynes, seconds per square centimeter. 


designates specific gravity; thus the upper 
gravity 1.0, the center for | f 


s 


perature at which the viscosity is measured, 
three temperatures in Common use being: 190, 
130 and 210 degrees Fahr., and the result of a 
viscosity test is expressed as so many Reyns, 
Poises or Seconds Saybolt, as the case may be 
at the test temperature (thus 822 $8.U.V. 
seconds at 130 de ‘grees Fahr.). Figure 8 shows 
measurements of viscosity at a series of tem- 
peratures for two different oils. The very 
great dependence of viscosity on temperature 
is clearly evident. 

In the study of any lubrication problem it 
necessary to know the viscosity of the lubri- 
cant at the temperature at which it will be 
used. To avoid having to make measure- 
ments at a large number of temperatures, 
diagrams have been devised from which vis- 
cosity at any temperature can be estimated 
with a fair degree of accuracy from observa- 
tions at any two temperatures. Figure 9 shows 
the current ASTM  Viscosity-Temperature 
Chart. The original idea was first developed 
by The Texas Company and_ published in 
LUBRICATION in June, 1921. Since then it 
has been revised and adopted by the ASTM 
and is in current use by the industry.! The 
lines drawn on this chart represent the vis- 
cositv data that were shown in Figure 8; it 
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clear that when viscosity is plotted against 
temperature on this chart, 
structed as to cause the results to lie on a 
straight line. Thus, to determine the viscosity 
of an oil at any temperature, it is possible to 
plot on this chart observations made at two 
temperatures and draw through them a straight 
line from which the viscosity at other tem- 
peratures can be determined.? It is important 
to remember that this chart is applicable only 
in the viscous flow region, i.e., down to around 
40 seconds Viscosity. Below this, in the turbu- 
lent flow region, it does not apply. 


THE ACTION OF A VISCOUS FLUID 
BETWEEN MOVING SURFACES 

With the property of viscosity and the nature 
of the viscous forces in mind, we now can return 
to a study of the action of a tubricant a 
bearing in order to determine how its action ts 
related to the load carrying capacity and 
frictional resistance of bearings. This is de- 
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Fig. 8 
distillates. 


Temperature-Viscosity relationship for two straight rur 


scribed in terms of three simple and separate 
cases which finally can be combined to repre- 
sent the action of a lubricant in a bearing. 


ISee Viscosity-Temperature ¢ ‘harts for liquid petroleum produ: 
(D341-39) ASTM Standards ILE 

2Many oils tend to solidify at alse and under s1 
conditions they cannot be considercd viscous fluids to which Fig 
applies. The nour point temperature which is the least temperature 
which an oil will pour can be used as a guide to how far Figure 9 app! 
and in any partic ular case Figure 9 should be used only to a low te: 
perature that is a few degrees greater than the pour point temperatur 
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The deseription follows closely the one given 
by Osborne Reynolds in his original paper on 
the theory of lubrication. 
Case I. Parallel Surfaces—One Sliding 
Across the Other 
In Figure 10, the surface AB is supposedly 
fixed while the surface CD moves to the right 


TEMPERATURE. DEGREES FAHRENHEIT 


in, because most lubricants are practically 
incompressible and so we cannot cram into the 
clearance space a volume of lubricant that is 
greater than the volume of the clearance space. 


Case II. Parallel Surfaces Approaching 
with no Sliding 
In Figure 11, the surface AB is again sup- 
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ALS.T.M. Viscosity-1 perature Chart. 
with velocity |) and the surfaces are separated 
by the distance h. If the point moves to the 
position Fo (also point G to position I7), the 
fluid particles along fF move to the line .1F 
and additional fluid follows these particles into 
the space separating the surfaces. The triangle 
(LFA represents the quantity of oil that has 
lowed into the clearance space across the 
entrance AR. Tf EF owas drawn so that it 
represents the distance im inches moved by 
the surface CD in one second, then EF is equal 
to the velocity in inches per second and the 
wrea of the triangle ARF A becomes 

{rea it. 
Which is also equal to the volume! of fluid that 
flows into the clearance space in one second. 
The quantity flowing out from the surface at 


, ae VI 
BC will also be equal to 


It is essential that the quantity flowing out 
ol the clearance space be equal to that flowing 
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posedly fixed while the surface CD moves to- 
ward .{B and the space between the surfaces is 
filled with the viscous fluid. As CD) approaches 
AB, the fluid evidently must be squeezed out 
from between the surfaces at the edges .1F and 
BG. Because the fluid “wets” the surface, fluid 
particles at the surfaces will remain fixed to the 
surfaces and the outflow will be a maximum 
midway between them. 

If. at a certain point in the motion, as shown 


by the dotted lines of Figure 11, the clearance 


space is divided into equal parts by dotted 
lines and these lines are supposed to move with 
the fluid, they will, after a short interval of 
the motion of (D assume the position of the 
solid lines of Figure 11. Thus, the fluid initially 
in the space AFFITA will, after the motion, 
be in position AJEFJIA. The area AIEA 
will represent the outflow from the clearance 
space passing the edge AF. The total outflow 


Per unit length of the surface measured in the direction perpendicu- 
lar to the page. 
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from the clearance space will be the sum of the 
areas AJEA + BAGB and must equal the 
decrease in the area between the surfaces re- 
sulting from the motion of the plate CD from 
its initial dotted position to its final position as 
shown by the solid lines of the figure. 
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Fig. 10—Illustration of sliding parallel surfaces. See Case I. 

The outflow of the fluid from between the 
surfaces will be resisted by the viscosity of the 
fluid much as though the lines such as AIF 
were elastics that have to be stretched by the 
fluid as it flows out of the clearance. This 
action will cause a pressure to be developed in 
the space between the surfaces and since the 
edges of the surfaces at A and B are at atmos- 
pheric pressure, the pressure between the 
surfaces will distributed substantially as 
indicated on Figure 11. 

The distribution of velocity and shearing 
stresses in the fluid during the outflow from the 
clearance space will be practically identical 
with the distribution shown by Figure 6. In 
the present case as in the capillary 
tube of the Saybolt Viscometer, 

Figure 6, the flow was created by 
pressure. 


be 


Case III. Inclined Surface, One 
Sliding Across the Other 
This case, Figure 12, is identical 
with Case I except that the sta- 
tionary surface AB is inclined so 
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space than can get out and, in consequence, 
develop a pressure in the film with a distribu- 
tion as indicated in Figure 13. This pressure 
decreases the inflow and aids in creating a 
larger outflow with the result shown by Figure 
13 that the inflow is decreased to a new area 
AEFTA and the outflow is increased to a larger 
area BOHJB (AEFIA = BOHJB). The area 
AEFFTA is equal to the area ARF A of Figure 12, 
minus the area AFI. which represents outflow 
tendency at AF resulting from the pressure in 
the film as in Case II]. Similarly the outflow 
at BG is equal to the area BGOHB of Figure 12 
plus the area BHJB resulting from the pressure 
in the film as in Case IT. 

The situation presented by Figure 13. in- 
volves a combination of the actions represented 
separately by Figures 10, 11 and 12. and it 
represents the condition that Osborne Reynolds 
considered to be necessary for fluid film lubri- 
cation; namely, a continuously available supply 
of a viscous fluid drawn by relative motion of 
the bearing into a wedge-shaped 
clearance space between the surfaces. 

In Figure 13, the motion of the surface CD 
will be resisted by forces arising from the vis- 
cosity of the lubricant and these forces are the 
source of the friction of the bearing. These 
same viscous forces also produce a pressure in 
the oil film. It is clear that these film pressures 
will exert a force on the plate AB equal to the 
product of the average pressure and the area 
of AB and this is the source of the load carry- 
ing capacity of a fluid lubricated bearing. 

It is not clear at first that the wedging of the 


surfaces 
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that the separation at the inlet .1F 
is greater than at the outlet BG. As 
in Case I, the area AFF A rep- 
resents the quantity of fluid that the 
motion of CD attempts to draw into 
the space between the surfaces, and 
BGHB represents the quantity that 
the motion of CD attempts to carry 
away at BG, both being the quantities 
resulting from the motion of CD 
relative to AB only. 

In this case the inflow at AF is in excess of 
the outflow at BG (EFI BGHB) which is 
impossible so that something else must happen. 
What happens is that the viscous forces at- 
tempt to wedge more fluid into the clearance 
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See Case II, 


fluid into the space between the surfaces, by 
the relatively weak viscous forces can lead to 
high enough pressures to account for the known 
large carrying capacity of bearings. However, 
the sketches drawn to show the flow of the 
fluid were of necessity exaggerated and create 
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a somewhat erroneous idea of the separation 
and the inclination of the surface. Ina practical 
case, the separation of the surfaces at BG might 
be 0.0005 inches and the inclination (excess of 
{FE over BG) 0.0002 inches in a length AB of 
several inches so that the effect is that of a very 
fat wedge giving a tremendous 
mechanical advantage and the rea- 
sonableness of large pressures being 
produced is much more apparent. 

The foregoing three cases have 
described the nature of the lubrica- 
tion process in terms of flat surfaces 
which, though important, are not 
encountered in lubrication practice 
as frequently as evlindrical surface 
bearings. Fortunately, it is possible 


THE PERFORMANCE OF BEARINGS 

The nature of the lubrication process out- 
lined by the foregoing three cases and ampli- 
fied by our knowledge of the forces of viscosity 
leads to an understanding of why and how an 
oil lubricates a bearing. It is necessary further 
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to apply the ideas developed in con- 
nection with flat surfaces directly to 
evlindrical bearings. As shown in 
Figure 14, for a cylindrical bearing, 
the moving surface CD has been 
wrapped around into a circle so that 
it becomes the shafting and the 
stationary surface AB has been 
wrapped around so that it becomes 
the bearing. 

In the evlindrical 
ideas concerning oil 
pressure, and frictional resistance 
developed in’ connection with the inclined 
surfaces of Figure 18 can be applied almost 
without = modification. The 
passage between the surfaces results from the 
fact that the bearing is commonly made to 
have a few thousandths greater diameter than 
the shaft, and the shaft runs with its center 
displaced from the bearing center, as indicated 
by Figure 14. Oil flow into and out of the space 
between the surfaces at the entrance, AK. and 
at the exit, BG, is represented in the figure 
by the areas, AEF and BGH, which have the 
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I 12—Inclined sliding surfaces. See Case ILI. 


same significance as in the plane surface case 
of Figure 18. Action of the viscous forces causes 
pressure to be developed in the clearance space 
and the resultant of the pressure supports the 
load carried by the shaft. 


DEGREASE OF INFLOW 
CAUSED BY PRESSURE 


In 


lined sliding surfaces, See Case 
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INCREASE OF OUTFLOW 
CAUSED BY PRESSURE 


to interpret this description of the lubrication 
process in terms of the practical performance 
characteristics of bearings. 

Krom Newton's definition of Viscosity it is 
clear that the viscous forces resisting motion 
depend on the viscosity #, the velocity V and 
the separation of the surfaces h. If the separa- 
tion of the surfaces is kept constant then the 
viscous forces are proportional to the product 
of viscosity and velocity # & V. If the load on 
the bearing increases, with # X V_ constant, 
some increase in the viscous forces must occur 
to support the increased load and this results 
from a decrease of the film thickness kh. Thus 
the thickness of the film is dependent on the 
load WI. 

These enable to write down a 


ideas us 


; h\ ; 
quantity It turns out, both from mathe- 


Ww 
studies of from the 
examination of experimental data, that this 
quantity can be regarded as a single number 
that describes the conditions in the oil film. 
For example, in an experiment the performance 
of a bearing will be found to depend on vis- 
cosity, velocity and load. To represent the 
results of this experiment, three groups of 
graphs will be required showing respectively 


matical lubrication and 


IW represents the load in pounds per inch of surface measured per 
pendicular to the page as on Figure 13. 
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the dependence of performance on viscosity, 
LN 
number 


The W 


the conditions in the oil film in sue a way that 


velocity and load. describes 


all of these 
To be 


if performance is plotted against | 


. 
graphs will collapse into a single line. 
; » 
a given value of Ww 
say 0.001 could result from # = 0.001, V = 100, 
W = 100 or from # = 0.01, V 1000 W = 10,000 
or from any other combinations of #. Vand W 


somewhat more specific 


LV 
ne ~ = 0.001, and the 


W 
performance of a fluid film lubricated bearing 
under all of these conditions is the same so long 


which lead to the 


sie 
as the combination ; 
\ 

In connection with the lubrication of eyl- 
indrical bearings it has become common prac- 


continues to equal O.00T. 


‘ a Pp Sa 
tice to write instead of a term which is 


: ZN 
W P 


, . , yp > 
derived directly from as follows: 


iV 
W 


Z is the viscosity in Poises and equals # Xx 
: | 
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Fig. 14 4 120° eylindrical bearing. 
chousandths of an inch greater than the shaft radius r. 


sometimes written as 
equals 1/100 


69,000, or, Z is 
Centipoises: 1 Centipoise 
Poises. 

Nis the shaft speed measured in RPM. 
Note that the velocity V equals 7D N, 


R is the bearing radius, usually 


January, 1942 
STAG, 
a given 
is the 


where: 7 has its usual significance 
D is the shaft diameter and for 
bearing is a constant, so that N 
only variable quantity. 

>is the load on the bearing, usually in 
pounds per square inch of projected bear- 
ing area. This is the total load on the 
bearing divided by the projected area 
which is usually figured as the product: of 
the diameter and the _ length. 


, ZN 
Phe p like a 
originates may be regarded as a single number 
that describes the condition of the oil film. 
Friction and load carrying capacity of the 
bearing are of predominant importance as 
measures of bearing performance. — Friction 
determines the power loss in the bearing and it 
is generally desirable that it be as small as 
possible. Load carrying capacity of the bear- 
ing Is dependent on the ability of the film to 
keep the surfaces separated and avoid metal-to- 
metal 


quantity from which it 


contact. Therefore, separation of the 
a measure of the 
and of the of the 

the greater the separation of the surfaces the 
less the likelihood of failure due to metal-to- 
metal contact or to the destructive 
action of foreign particles in the 
lubricant. The friction and separa- 
tion of the surfaces in i bearing are 


surfaces bec nes kk vad carry- 


Ing Capacity safety bearing 


related to the number 


ZN 
a 


Friction in oa bearing is usually 


given in terms of the coefficient: of 
friction which is defined as the quo- 
tient of friction force F divided by 
the total load on the surface W: 
usually it is designated by the sym- 
bol f (the Greek letter lambda. \ is 
also used On some occasions ‘. 
Separation of the bearing surfaces 
is conveniently given in terms of the 
separation at the point of closest 
approach, called) the 
film thickness and designated by the 
symbol h,. Metal-to-metal contact 
or other disruption of the oil film is 
most likely to oceur at this point. 
Figure 15 shows the results of 
measurements of cocfhicient of fric- 
tion and minimum film = thickness 


minimum oil 


several 


bearing 


The 


sity Z is sometimes giver 


; a 
plotted against p for a 


completely surrounding the shatt. test 


"the visco 


4 
Pp 


In actual use of the number 


in Poises and sometimes in Centipeiscs, and the unit load P ts 
sometimes figured in different ways so that in any practical case it Is 
necessary to investigate the de finiti ion of these quantities to make sure 
just how they are defined in that « 
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hearing was 214 in. in diameter, 37x in. long 
and had a radial clearance of 0.005 in., test 
speeds ranged from 500 to 3600 RPM, loads 
from 100 to 500 Ibs. per square inch of pro- 
jected area and oil viscosities from /4 to 83 
Centipoises. These diagrams may be con- 
sidered to apply quite generally to bearings 
that are geometrically similar to the test 
bearing on which the data were determined. 
The geometrical similarity restriction requires 
that the bearings have approximately the same 


ratio of axial length to diameter 1.55 and 


1) 
the same ratio of diametral clearance to di- 


ameter, 0.002, 


1) 

On Figure 15! it is important to distinguish 
the two regions of lubrication 

Mluid Film Lubrication prevails in the region 
_ ZN , 
of P values above 60 to 80. 
faces are separated completely by the film of 
lubricant and the friction is generally very low 
and is dependent entirely on the viscous forces, 

Boundary Lubrication prevails at values of 
ZN 

? 
partial metal-to-metal contact and the friction 
may become very great even up to seizure of 
the surfaces. This region also has 
been called the “region of unstable 
lubrication.” This name is derived 
from the fact that friction increases 

ZN 
as p 
this region a bearing will begin to 
heat up owing to the increased fric- 
tion. This heating will reduce the 
viscosity. increasing the metal-to- 
metal contact and causing higher 
friction which in’ turn will) cause 
further increase in temperature, 
further reduction of viscosity and 


Here the sur- 


below 60 to 80. Here the surfaces are in 


4 


becomes less so that once in 


COEFFICIENT OF FRICTION 


still more increase of friction and so 
on until some limiting condition, 
often failure of the bearing by seiz- 
ing. is reached. 

ln the foregoing description of the 
operation of the lubricant it has been 
assimed that the of the 
shaft and of the bearing were 
geometrically perfect. In actual 
practice this condition is not realized, 
and all real bearing surfaces have 
some irregularities. These irregu- 
larities produce an important modi- 
fieation of the theory as they limit 
the closeness with which the surfaces 
may approach before metal-to-metal 
contact occurs. The modification of 


surfaces 


MINIMUM OIL FILM 
THICKNESS 
ho 


Fig. 15—She 
bearing. Z is 
projected area. 
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the theory created by these irregularities makes 
itself evident in the locations of the transition 
point from fluid to boundary lubrication, and it 
is extremely important to recognize that this 


transition depends not on the value of but 


~P 
on the minimum film thickness at = which 
metal-to-metal contaet occurs. Thus, with 
than used in the 
from which the data of Figure 15 were derived, 
the transition would have occurred at a higher 


rougher bearing was tests 


while with a smoother bearing it 
ZN 
ad 

Data of the type given by Figure 15 generally 
form the basis for design of bearings or for 
analysis of problems in cases of bearings that 
do not function properly. 

In planing a bearing for operation on a piece 
of machinery where minimum power loss is of 
coneern than reliability. and operating 
safety, and where the lubricant supply may at 
times be contaminated with fine particles of 
solid material, it would be wise to select a 


. ZN 
i 


_ AN 
value of , 
P 


would have oceurred at a lower value of 


less 


value ¢ that would produce a relatively 
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large separation of the surfaces of the shaft 


r 


ZL} 
say for example, = 980, 


P 
giving a minimum film thickness of 0.002 in, 
The shaft speed N and the total load on the 
bearing W are presumably fixed by the nature 
of the machine so that only Z and P can be 
selected. Z can be made large by the selection 
of a highly viscous oil, though caution must be 
exercised in this direction, P can be made small 
by building the bearing large. Suppose, for 
example, in the circumstance proposed, that 
the shaft speed must be 1200 RPM and the 
total load 900 Ibs. The bearing size is selected 
as 2.32 in. diameter by 4.23 in. axial length 
giving a projected area of 12 square inches and 
a unit load, P equals 75 Ibs. per square inch. 
P 
be selected to have a viscosity of 60 Centipoises 
(at the operating temperature of the bearing). 
In contrast to the foregoing example. mini- 
mum friction is important. The lubricant can 
be handled to assure freedom from foreign 
particles, and special care can be taken to 
insure good finishing of the shaft and bearing 
surfaces. In such a case these extra precau- 
tions may make it possible for the bearing to 
operate safely with a very much reduced 
minimum film thickness. To take advantage 
of the correspondingly lower friction loss— we 
decide that a value of P 
mum film thickness of 0.0005 in. will be 
satisfactory. Again the shaft speed is 1200 
RPM, the total load to be carried is 900 Ibs. 
and the bearing size is selected to give a pro- 
jected area of 12 square inches. In this case 
the oil can be selected to have a viscosity of 10 
Centipoises at the operating temperature. 
Comparing these two examples we notice 
that the coefficient of friction in our first design 
will be 0.013 while in the second it will be only 
0.004. Thus, the friction loss of the second 
bearing is only about 1 3 of that of the first 
bearing. The temperature rise of the bearing 
is proportional to the friction so that the 
second bearing will also run substantially 


and bearing 


Then to attain = 980 the lubricant must 


of 160, giving a mini- 
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cooler than the first. On the other hand the 
second bearing is close to the region of unstable 
lubrication and a relatively small increase of 
load or decrease of viscosity owing to some 
unusual circumstance could cause it to operate 
in that region while the first bearing can stand 
large disturbances without danger of unstable 
lubrication. Also the second bearing is much 
more lable to incur damage from contamina- 
tion of the lubricant so that it would generally 
require more elaborate construction details to 
guard it against such damage. 


SUMMARY 

To maintain operation of a bearing under 
the condition of fluid film lubrication there 
must be an ample supply of lubricant drawn 
by relative motion of the surfaces into a wedge 
shaped passage between the surfaces. When 
these conditions exist, the forees of viscosity 
produce two important results: 

1. The produce — frictional 
resistance to the relative motion of the 
surfaces. This friction is very 
much less than the friction which results 
when the surfaces into metallic 
contact. 

2. The viscous forees wedging the fluid into 
the passage between the surfaces cause a 
pressure to be created in the film and this 
pressure holds the surfaces apart. This 
of course requires that the sum of the 
pressures be equal to the load applied to 
the bearing. 

Since the surfaces are separated by a 

fluid film no wear can occur. 

The fluid film may exist with any viscous 
fluid: even air, for example, possesses the re- 
quired properties to such an extent that air 
lubricated bearings have been made and 
shown to float on a film of air. 

In practical application any one of a large 
number of viscous fluids could be used as a 
lubricant. However, mineral oils are most 
commonly used because they are available in 
large quantities, can be made to almost any 
desired viscosity and possess other desirable 
properties such as ovidation stability which 
make them peculiarly well suited for use as 
lubricants. 
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.. YOU RUN cotton, wool, or rayon, you will spin 
smoother, higher-quality yarns, and use less power over the 
years, When you use Texaco S pindura Oils for spinning and twisting. 

Texaco Spindura Oils perform a dual service . . . they minimize 
wear and reduce vibration. They resist thickening in service, pre- 
venting sludge and gum formation, and maintain normal bearing 
temperatures. 

A Texaco Lubrication Engineer will gladly cooperate in making 
savings in your mill .. . just phone the nearest of more than 2300 
Texaco distribution points in the 48 States, or write: 


The Texas Company, 135 East 42nd Street, New York, N. Y. 


TEXACO Lubricants 


FOR THE TEXTILE INDUSTRY 


UNDREDS OF MODERN roll neck bearings in 

continuous sheet mills are giving long life, sav- 
ing power, resisting wear and rolling to gage thousands 
of tons of steel each day. These bearings, carrying loads 
up to 2600 tons per bearing ride smoothly and effi- 
ciently on a film of Texaco Regal Oil. 


Texaco Regal Oils are highly resistant to oxidation, 


emulsification and sludging; separate rapidly from 
water and contaminating matter. 


Texaco users enjoy many benefits that can also be 
yours. A Texaco Lubrication Engineer will gladly co- 
Operate .. . just phone the nearest of more than 2300 
Texaco distribution points in the 48 States, or write: 








THEY PREFER TEXACO 


* More locomotives and carsin 
the U.S. arelubricated with Tex- 
aco than with any other brand. 


% More revenue airline milesin 
the U. S. are flown with Texaco 
than with any other brand. 


% More buses, more bus lines 
and more bus-miles are lubricated 
with Texaco than with any other 
brand. 


* More stationary Diesel horse- 
power in the U. S. is lubricated 
wth Texaco than with any other 
brand. 


* More Diesel horsepower on 
streamlined trains in the U. S. is 
lubricated with Texaco than with 
all other brands combined. 








THE TEXAS COMPANY . TEXACO PRODUCTS ° DISTRICT OFFICES 


ATLANTA, GA. . 
BOSTON, MASS. 
BUFFALO, N. Y. 14 Lafayette Square 
BUTTE, MONT... Main Street & Broadway 
CHICAGO, ILL. . . 332So0. Michigan Avenue 
DALLAS. TEX. . . 2310 So. Lamar Street 
DENVER, COLO. ... . . . 910 léth Streat 


133 Carnegie Way 
20 Providence Street 


HOUSTON, TEX. . . 720 San Jacinto Street 
LOS ANGELES, CAL... . 929 South Broadway 
MINNEAPOLIS, MINN. 706 Second Ave., South 
NEW ORLEANS, LA. . 919 St. Charles Street 
NEW YORK, N.Y... . 205 East 42nd Street 
NORFOLK, VA... . . Olney Rd. & Granby St. 
SEATTLE, WASH. . 3rd & Pike Streets 


Texaco Products also distributed by 
Indian Refining Company, 352! East Michigan Street, INDIANAPOLIS, IND. 





